There are two main mechanisms by which cells become multidrug resistant (MDR): by increasing drug efflux pumps on the cell membrane and by increasing anti-apoptotic pathways. The use of nanotechnology to develop nanodelivery systems has allowed researchers to overcome limitations of antineoplastic drugs by increasing the solubility of the drug and decreasing the toxicity to healthy tissues. By encapsulating drugs into nanoparticles that bypass the efflux pumps, drug efflux is reduced, hence increasing the intracellular concentration of the drug. siRNA has the ability to disrupt cellular pathways by knocking down genes, opening the door to down regulating anti-apoptotic pathways.
Introduction
Chemotherapeutical agents present many limitations that hinder the effectiveness of chemotherapy: poor solubility in aqueous solutions (making them difficult to administer) [1] , non-specific distribution throughout the body (which causes insufficient penetration to tumors) [2] , toxicity to healthy tissues [3] (which limits the dose and frequency of the treatment) and cancer cell resistance [4] .
There are two main mechanisms by which cells become multidrug resistant (MDR): by increasing drug efflux pumps on the cell membrane and by increasing anti-apoptotic pathways [5] . An increase in efflux pumps causes a decrease in intracellular concentration of the drug, compromising the efficiency of the treatment [6] . The onset of nanotechnology has fostered the ability to provide solutions to these limitations, by encapsulating drugs in hydrophilic nanocarriers, which increases the solubility of the drug, decreases the toxicity to healthy tissues, and bypasses the effect of the efflux pumps [7, 8] .
Although the initial limitations of antineoplastic drugs have been mitigated through the use of nanocarriers [9, 10] , new limitations have arisen. Cells have developed strategies to avoid death, increasing their resistance to chemotherapy, by the activation of anti-apoptotic pathways [11] . Small interference RNA (siRNA) has the ability to disrupt cellular pathways by knocking down genes, opening the door for new treatments of diseases caused by aberrant gene expression [12, 13] . However, siRNA chains exhibit a short half-life in blood if injected intravenously due to intravascular degradation by the catalytic activity of Ribonuclease (RNase) enzymes present in the bloodstream [13] . Rapid systemic clearance of siRNA through the renal system, low selectivity for the desired tissue, and poor cellular uptake have been reported for intravenous injection of siRNA in chemotherapeutic studies, decreasing the effectiveness of the therapy.
The use of nanocarriers for siRNA encapsulation can prevent both renal clearance and RNase degradation, effectively increasing its half-life in blood [14, 15] . Promising results have been shown in which resistant cancer cells were sensitized to chemotherapy by knocking down one of the multidrug resistance mechanisms [16] . While some types of cancer cells were completely sensitized to antineoplastic drugs by siRNA therapy, others maintained their resistance to the treatment, compensating the loss of one type of resistance mechanism by increasing other multidrug resistance mechanisms.
Even though co-treatment of cancer cells with nano delivery systems carrying either siRNA or drugs proved to be important in decreasing resistance of cancer cells [17] [18] [19] [20] , it has been proposed that co-delivering drugs and siRNA together in the same delivery system would be more effective in overcoming resistance of cancer cells [21] . In this study we discuss the progress of nanoscale co-delivery systems in overcoming multidrug cancer resistance.
Mechanisms of cancer drug resistance
The treatment of cancer cells has evolved from general drugs targeting DNA, such as doxorubicin or cisplatin, to more specific molecules that target overexpressed proteins or upregulated pathways present in cancer cells [22] . The specificity of DNA binding chemotherapy slightly directed toward cancer cells rather than healthy cells, has improved cancer treatment. However, due to the high toxicity of most chemotherapeutical agents and the severity of the secondary effects, cancer treatment with chemotherapy requires convalescence time to allow patients to recover from treatment to treatment [23] . Since tumors have heterogeneous populations of cancer cells [24] , only sensitive cancer cells within the tumor will die due to chemotherapy, remaining intact only those that are drug resistant remain intact. This allows for a population of almost exclusively non-resistant cancer cells to become a resistant population, making each chemotherapy session less effective (Fig. 1) . The lack of effectiveness of chemotherapy to treat cancer is due to several factors, but mostly due to low concentration of drug reaching its target and/or poor effectiveness in killing cancer cells, even when the target its reached [25] .
The vast majority of tumors (85%) in cancer patients are solid tumors [26] . The first line of treatment for solid tumors is surgery, when possible, followed by radiation and chemotherapy. Drugs that are injected systemically need to reach the cells within the tumor. Because tumors are highly irrigated with abnormal vasculature that leave gaps between the endothelial cells, but poorly irrigated with lymphatic vessels, drugs can easily leak from the blood vessels to the interstitial space within the tumor minimizing clearance through the lymphatic system. This is known as the enhance permeability and retention effect (EPR) [27] . Drugs that reach the tumor must be taken up by cancer cells [28] .
Transport across the cell membrane depends on the type of molecule. Alterations in the transport of drugs across the membrane and/or efflux of internalized drugs from the intracellular compartment to the extracellular matrix is one of the major causes of cancer resistance [29] . Drugs that reach their target within the cell start a cascade of reactions that lead cells to enter programmed cell death, known as apoptosis [30] . A wide variety of cells, from many types of cancers, present different strategies to prevent apoptosis induced by chemotherapy, i.e. by upregulating anti-apoptosis pathways, altering cell cycle checkpoints, increasing repair mechanism, etc. [5] . Here we describe the two major mechanism of cancer resistance (Fig. 2) .
Alterations in the membrane transporters or efflux pumps-Cancer cells can develop resistance to specific drugs, or type of drugs. For example, several types of cancer cells present resistance to folate, such as methotrexate [31] . Loss of cell surface receptors or transporters for the drug, increased metabolism of the drug, or alteration of the drug's target are some of the strategies that cells use to avoid cell death [32] [33] [34] . By combining several different types of chemotherapy agents, treatments can overcome this type of resistance. However, a wide variety of cancer cells are resistant to a multiple of drugs. This phenomenon is known as multidrug resistance (MDR) [33] .
The primary protein known to be involved in MDR is P-gp, an ATP-dependent transporter of the ATP-binding cassette family (ABC), and encoded by the gene MDR1 in humans [6] . P-gp can be present in the cell membrane as well as in the nuclear membrane. P-gp binds to neutral and positively charged molecules. A great amount of antineoplastic drugs are either neutral or positive at physiological pH, hence act as a substrate for P-gp, which pumps the drug across the membrane. This decreases the concentration of drug inside the cell and the nucleus by removing the drug to the extracellular matrix or the cytoplasm, respectively. This mechanism of self-defense is widely known as efflux pump related cell resistance. In healthy cells P-gp is involved not only in the efflux of undesirable molecules but also in the transport of beneficial molecules and nutrients across the cell membrane and intracellular membranes in the cell [35] . P-gp is expressed in many cancers including, but not limited to, small and large intestine, liver, pancreas, kidney, ovary, and testicle. Other important ABC are the multidrug resistant protein 1 (MRP1) and 2 (MRP2) [36] . MRP1 has been found to be expressed in a great variety of cancers. MRP1 binds to negatively charged molecules or molecules that have been modified by the cell through glycosylation, sulfonation, or other post-translational modifications. Other ABC transporters with implications in cancer resistance have been reported [37] .
Activation of anti-apoptotic pathways-Among non-drug pump related mechanisms, the most important is the activation of anti-apoptotic pathways; a defense mechanism that rescues cells from cell death [38] . Apoptosis is the most common type of programmed cell death and is an essential part of the cell cycle. Apoptosis is activated by a series of cascade signals in which many proteins are involved. Bcl-2 is a protein of the Bcl-2 family, encoded by the gene BCL-2, which has a major role in preventing apoptosis in healthy cells [11] . Bcl-2 overexpression prevents cells from entering apoptosis. It is correlated with cancer cell survival and cancer cell resistance. Other members of the Bcl-2 family, such as Mcl-1, a protein encoded by the gene MCL-1, have been identified as inhibitors of apoptosis [39] .
Another protein involved in cancer resistance is the protein Plk-1, encoded by the Plk-1 gene. Plk-1 is a protooncogene overexpressed in some types of cancer cells, such as breast and colon [40, 41] . The loss of Plk-1 has been associated with activation of apoptosis [42] . cMyc is a gene encoding for a transcription factor that is constitutively expressed in cancer cells. c-Myc overexpression has been linked to breast [38] , ovarian [43] , and lung [44] cancer resistance.
Sensitization strategies
Considerable efforts have been made recently to suppress multidrug resistance; both in efflux pump and non-efflux pump related multidrug resistance. Sensitization strategies include targeting membrane transporters [45] [46] [47] , inhibition of cell survival pathways [48, 49] , altering transcription factors [19] , and silencing anti-apoptotic pathways [17, 50] .
Efflux pump related sensitization strategies-Several sensitization strategies have been tested by using selective inhibitors of the ABC transporters, such as verapamil [46] . PLGA nanoparticles were synthesized to simultaneously deliver verapamil and vincristine, a potent chemotherapeutical agent, to cancer cells to reverse the cell's resistance to the latter [47] . Results have shown the resistance to certain chemotherapy agents by inhibition of efflux transporters can only be achieved for certain cancer cell types. A strategy to increase the success of sensitization is by using a broader inhibitor of the transporter, such as depharantine [51] . This, however, resulted in an increase in toxicity in vivo [5] . These results seem to indicate that sensitization of cancer cells by inhibitors of ABC transporters is not only cell specific but also drug specific. Nanoparticles are not affected by efflux pumps and they can be used as carriers for drugs that are affected by efflux [52] . Encapsulation of drugs in nanoparticles that are specifically designed to release their cargo in the cytoplasm has been proved to increase drug concentration inside cells [52] . Classic chemotherapeutical drugs such as doxorubicin, cisplatin, and paclitaxel, must reach DNA preserved within the nucleus to decrease cell viability. The use of nanoparticles to bypass transporters present in the surface of cell membranes has increased drug concentration in the cytoplasm, but drugs also must cross the nuclear membrane. The presence of efflux pumps in the nuclear membrane decreases the intranuclear concentration of the drug, compromising the efficacy of the treatment. The use of siRNA against genes encoding for efflux pump proteins has been employed as a promising strategy to sensitize cells to cancer drugs. For example, Yadav et al. [20] synthesized poly(ethylene oxide)-modified poly(beta aminoester) (PEO-PbAE) to deliver siRNA against P-gp in Paclitaxel resistant SKOV3 human ovarian adenocarcinoma cells. The cell membrane P-gp protein was targeted by using monoclonal antibodies to increase sensitization of human ovarian carcinoma cells A2780/AD to doxorubicin [53] .
Non-efflux pump related sensitization strategies-A wide variety of sensitization strategies have been used by inhibition of cell survival pathways, altering transcription factors, and silencing anti-apoptotic pathways. Among these strategies, some involved the use of nanocarriers to deliver cargo to either block or inhibit pathways or silence genes. For example, poly(ethylene glycol) lipoplexes were used to deliver siRNA to silence Bcl-2 genes (siBcl-2), which sensitized cancer cells to 5-fluoracil [18] . Nanogels were used to deliver siRNA against the gene encoding for Epidermal Growth Factor Receptor (EGFR) to sensitize SKOV3 human ovarian adenocarcinoma cells to docetaxel [54] . Liposomes were used to sensitize temozolomide resistant glioblastoma mutiforme (GM) cancer cells by delivering siRNA against the gene encoding for MGMT, a DNA repair protein, that is overexpressed in GM cancer cells [17] . An inhibitor of the nuclear factor kappa B and down-regulator of ABC transporters, curcumin, was delivered with paclitaxel using nanoemulsions to sensitize paclitaxel resistant SKOV3 human ovarian adenocarcinoma cells [48] .
Nanocarriers to co-deliver siRNA and small drugs
Nanocarriers have been successfully used as platforms for delivery of cargo to sensitize cells to chemotherapy. A promising sensitization strategy is using siRNA to silence genes encoding for proteins involved in cancer resistance. Co-treatment of resistant cancer cells by using siRNA and drugs, administered separately, has been shown to increase efficacy of cancer treatment. However, co-delivery of siRNA and drugs would be more efficient in overcoming cancer resistance to chemotherapy [21] . Several different co-delivery systems have been synthesized but all can be grouped into three categories: polymer based, lipid based, and inorganic based.
Polymer based nanoparticles
Polymer based nanoparticles have been used as delivery systems for a variety of drugs, proteins, and nucleotides [9, 10, 55, 56] . Due to their tunability, biocompatibility, and high transfection rate of DNA and siRNA, polymeric nanoparticles are the preferred nanosystem to co-deliver a drug and siRNA (Table 1) . Poly(ethylene amine) (PEI) is a cationic polymer and it has been widely used as a major component for non-viric delivery carriers of siRNA due to its high siRNA complexation and its proton sponge effect for endosomal escape of the cargo to the cytosol [57] . Since high molecular weight PEI nanocarriers are toxic Cao et al. [58] incorporated polycaprolactone (PCL) biodegradable structures containing disulfide or ester covalent linkages between low molecular weight PEI chains. Phosphate species negatively charged in the siRNA were complexed onto the positively charged nitrogen species of the nanoparticles by electrostatic interactions. They studied cytotoxicity of siRNA conjugated PEI-PCL polyplexes at different nitrogen (N)/phosphate (P) ratios and found an optimum N/P ratio of 30, which decreased viability down to 65%. To improve cyto toxicity, the carrier surface was modified with PEG chains, which has been proved to provide stability and reduce toxicity of nanoparticles.
It has also been reported that PEG can hinder the complexation of siRNA, hence Cao et al. [58] proposed a hierarchical assembly strategy, in which PEGylation is performed after complexation of siRNA to the nanocarrier. Doxorubicin (DOX) was loaded to PEI-PCL micelles using a chloroform/water mixture under sonication. The treatment of hepatic cancer cells with doxorubicin causes an increase in the production of BCl-2 protein as a defense mechanism that leads to resistance of cancer cells to the drug. They studied the ability of the nanocarriers to diminish the upregulation of BCl-2 protein caused by the administration of doxorubicin. Bcl-2 siRNA -doxorubicin loaded nanocarriers were capable of decreasing the overexpression of Bcl-2 protein induced by doxuribicin. The ability of the co-delivery system in reducing cell viability was measured using MTT assay. Nanocarriers loaded with BCl-2 siRNA and doxorubicin were incubated for 96 h with hepatic cancer cells. Cell viability was reduced down to 40% at the highest concentration of doxorubicin (1 μM) when using Bcl-2 siRNA; however for scrambled siRNA cell viability was reduced down to 60%. When using Folate Receptor targeted nanocarriers loaded with Bcl-2 siRNA cell viability was reduced down to 5% at the same doxorubicin concentration. This indicates the synergistic effect a co-delivery system has on cell metabolism, and the importance of developing targeted co-delivery systems. Further investigations in vivo using the same system were carried out [59] . By using Western Blott and Tunel assay, they studied the effect of different treatments on apoptotic response of C6 glioma cells. They concluded that the synthesis of Bcl-2 protein is doxorubicin dose dependant. They also noticed that at high doxorubicin concentration (15μg/mL), the protein Bax is inhibited and there is a higher presence of cleaved caspase 3.
Another strategy to reduce cytotoxicity of high molecular weight polyethylenimine (PEI) is by grafting stearic acid (SA) to PEI through carbodiimide conjugation using EDC reaction [60] . PEI-SA micelles were formed using the oil in water (o/w) solvent evaporation method, obtaining small (≈51 nm) and cationic (≈64 mV) micelles. These micelles contain both a hydrophobic core that can encapsulate a hydrophobic drug and a hydrophilic cationic shell capable of complexing siRNA. Doxorubicin was encapsulated into the micelles by mild agitation. siRNA against the vascular endothelial growth factor (VEGF) was complexed onto the nanoparticle surface. VEGF is a growth factor over secreted by tumors to force the formation of new blood vessels by stimulating the growth and division of endothelial cells to provide oxygen-rich blood to tumor cells. This process is known as angiogenesis and it has been proven to be necessary for the in the tumor to survive. By blocking the formation of new blood vessels irrigating the tumor with oxygen, tumor growth can be stopped. PEI-SA/DOX reduced the volume of the tumor down to 13% relative to the control. When using PEI-SA/DOX/viVEGF the tumor was reduced down to 56.7%.
Another strategy to obtain biodegradable nanoparticles is by introducing the biodegradable polymer poly(ε-caprolactone) into the formulation [40] . Micelleplexes were synthesized using tri-block copolymers of poly(ethylene glycol)-b-poly(ε-caprolactone)-b-poly(2-aminoethylethylene phosphate) (mPEG-b-PCL-b-PPEE). Paclitaxel (PAC) was encapsulated through hydrophobic-hydrophobic interactions. siRNA to silence Plk-1, a serine/threonine protein kinase overexpressed in some tumors, was complexed on the positive surface of the micelle. They studied MDA-MB-435 cell viability in vitro and in vivo when co-delivering paclitaxel and siPlk-1. They concluded that the use of a co-delivery system requires one thousand fold less paclitaxel required for monotherapy. Micelleplexes carrying paclitaxel were administered along with micelleplexes complexed to siPlk-1to mice bearing a MDA-MB-435 tumor. Micelleplexes carrying paclitaxel and complexed to siPlk-1 showed a great decreases in tumor volume when compared to the control. These results clearly indicate that it is necessary to co-deliver both the drug and the siRNA in the same system.
A different strategy to achieve biodegradability is by incorporating hydrophilic cholesterol into an hydrophobic cationic polymer [61] . Poly [(N-methyldietheneamine sebacate)-co-[(cholesteryl oxocarbonylamido ethyl) methyl bis(ethylene) ammonium bromide] sebacate] (P(MDS-co-CES)) was self-assembled into a cationic biodegradable nanoparticle. The hydrophobic drug Paclitaxel was added into the solution at the moment of self-assembly in order to be encapsulated in the nanoparticle through hydrophobic-hydrophobic interactions. siBcl-2 was complexed onto the nanoparticle surface via electrostatic interaction. Synergistic effects between siBcl-2 and the encapsulated drug were studied in breast adenocarcinoma MDA-MB-231 cells. Cell viability decreased from 78% to 59% and from 58% to 39% in the presence of siRNA at paclitaxel concentrations of 100 and 400 nM, respectively. As the cytotoxicity of the siRNA was only 8%, there was indeed a synergistic effect associated with the co-delivery of paclitaxel and siRNA, possibly because the suppression of the anti-apoptotic activity of Bcl-2 by the siRNA made cells more sensitive to paclitaxel.
The biodegradable polymer poly(D,L-lactide-co-glycolide) (PLGA) was mixed with polyethyleneimine (PEI) to form micelles using a water-in-oil (W/O) emulsion [62] . Paclitaxel was encapsulated during the emulsion. siP-gp was complexed through electrostatic interactions to the nanoparticle and increased paclitaxel uptake by resistant breast cancer cells. P-gp silencing increased intracellular paclitaxel accumulation in vitro and it enhanced in vivo activity of paclitaxel, which translated in a reduction of tumor growth.
Another strategy to complex negative siRNA onto a nanoparticle is by grafting a positive polymer chain onto a biodegradable neutral nanoparticle after it is formed [63] . Poly(ethylene oxide)-block-poly(ε-caprolactone) (PEO-b-PCL) polymer was used as a backbone to ensemble a biodegradable polymer that could further be functionalized with different moieties. Polyamine was attached to the PCL block to allow complexation of the siRNA through electrostatic interactions. A pH-sensitive hydrazone link was conjugated to other PCL blocks to covalently conjugate doxorubicin. The cell penetrating peptide TAT and the integrin R v β 3 -specific ligand (RGD4C) were attached to the PEO block to facilitate cell internalization and uptake. The functionalized polymers self-assembled into micelles of ≈103 nm and ≈4.23 mV.
Previous studies from the same group [63] , in which they delivered doxorubicin using nanoparticles, showed that doxorubicin released in the cytoplasm was pumped out of the cells and failed to accumulate in the nucleus of P-gp-overexpressing DOX-resistant cells. It has been demonstrated that nanocarriers bypass the P-gp pump efflux system expressed on the surface of the cell membrane [8] , increasing the concentration of the drug in the cytoplasm. However, once the drug is released inside the cytoplasm, it still has to reach its site of action, the nucleus. By developing nanoparticles that release the drug in the cytoplasm and block the efflux pump present in the nuclear membrane, Xiong and Lavasanifar [63] increased the drug concentration in the nucleus of MDA-MB-435/ LCC6MDR1-resistant cells. This increase translated in a greater decrease in cell viability.
A promising polymer used to deliver siRNA is the poly (2-(N,N-dimethyl aminoethyl) methacrylate), designated as P(DMAEMA), due to its high efficiency in complexing and transfecting siRNA. However, P(DMEAMEA) is highly toxic to cells, limiting its use for biological applications. One strategy to decrease its toxicity is by adding a biodegradable polymer in the backbone. To do so, Zhu et al. [64] , synthesized the block co-polymer 2-(N,N-dimethyl aminoethyl) methacrylate-b-poly(ε-caprolactone)-b-2-(N,N-dimethyl aminoethyl) methacrylate (PDMAEMA-PCL-PDMAEMA) by free radical reversible addition-fragmentation chain transfer (RAFT) polymerization and assembled it into biodegradable cationic micelles. Nile red, a hydrophobic molecule used as a drug model, was encapsulated using hydrophobic-hydrophobic interactions after the micelle was formed. siRNA to silence Green Fluorescence Protein (GFP) was complexed onto the nanoparticle surface. Co-delivery of siGFP and Nile red into PC3 human prostate cancer cells was successfully achieved in vitro, according to confocal microscopy studies. Paclitaxel and siVEGF were both successfully incorporated into the micelle, which opens the possibility to use a biodegradable PDMAEMA carrier to co-deliver siRNA and hydrophobic drugs.
A different approach to co-deliver siRNA and a drug is by using a three-dimensional octasilsesquioxane cage as a backbone to grow poly(L-lysine) chains to create a nanoglobular system [65] . Two different moieties were conjugated to the p(L-Lys) chains to confer poly functionality to the nanoparticle. A biodegradable disulfide spacer was used to conjugate doxorubicin. A PEG chain was used as a linker to attach RGD, a cyclic peptide that binds specifically to α v β 3 integrin, conferring the nanoparticle with specificity toward cancer cells that overexpress α v β 3 integrin. U78 glioblastoma cancer cells treated with free doxorubicin reduced cell viability down to 50% at 6.50 μg/mL of doxorubicin. Cells treated with conjugated doxorubicin, reduced viability down to 50% at 0.7 μg/mL of doxorubicin, probably due to the ability of these nanoparticles to bypass the efflux effect. Co-localization studies showed that the siRNA was found mostly in the cytoplasm and not in endosomes and/or lysosomes.
Due to the heterogeneity of cells in tumors, a promising strategy to overcome cancer resistance of a heterogeneous population of cells is to target multiple signaling elements. The synthesis of a carrier capable of co-delivering multiple therapeutic agents is required to achieve a cooperative effect. Kim et al. [49] developed a low toxicity, high transfection efficiency, and high solubility system capable of encapsulating hydrophobic drugs, complexing with siRNA, and attaching to proteins. To do so, they synthesized a dendritic polyamine, which was further conjugated to a β-cyclodextrin to confer solubility to hydrophobic drugs [66] . In this case, erlotinib and suberoylanilide hydroxamic acid (SAHA) were encapsulated via hydrophobic-hydrophobic interactions with β-cyclodextrin. Furthermore, the presence of β-cyclodextrin decreased the cytotoxicity of the dendritic polyamines. The free amines in the dendritic polyamine served to complex siRNA and to conjugate an antibody to target Epidermal Growth Factor Receptor. The final DexAM nanoparticle had significantly less amines available on its surface compared to commercially available transfection systems such as polyethyleneimine (PEI), lipofectamine 2000 (LF) and X-tremeGENE (Xgene). Cytotoxicity of these compounds has been attributed to the presence of positive charge due to the amine groups, which are necessary for siRNA complexation and for endosomal escape once the nanoparticle is internalized in the cell. Cell viability of U87 glioblastoma cells was determined after incubation with DexMA, PEI, LF and Xgene. Cell viability was decrease down to 90% for DexMA, 60% for PEI, and 25% for LF and Xgene, showing that DexMA is a highly biocompatible system compared to other commonly used transfection systems. U78 glioblastoma cells were treated with EGFR targeted DexMA-siEGFR conjugated with and without erlotinib and SAHA. Targeting EGFR with nanoparticles has proven to be effective in increasing internalization of nanoparticles and in improving treatment of EGFR overexpressing cancer cells [67] . EGFR overexpression is correlated with cell survival and response to therapy. Erlotinib and SAHA have been shown to enhance the efficacy of other EGFR antagonists [68] . EGFR targeted DexMA-siEGFR without erlotinib reduced cell viability down to 50%; when using erlotinib conjugated nanoparticles cell viability was reduced down to 30%. A similar trend was observed when comparing nanoparticles with and without SAHA.
Lipid based nanoparticles
Lipidic nanoparticles have been widely used for different biomedical and pharmaceutical applications [69] [70] [71] [72] . Liposomes as drug delivery systems gain a lot of attention after Doxil ® , a PEGylated liposome, was FDA approved to deliver doxorubicin [73] .
An interesting approach to incorporate an antineoplastic drug within a lipidic nanoparticle is by covalently attaching a positively charged drug to a lipidic chain to create an amphiphilic molecule that can be further used to self-assemble into a multilayer cationic nanoparticle. To do so, Chang et al. [74] covalently conjugated mitoxantrone (MTO) to either one or two chains of palmitoleyl to create monopalmitoleys-MTO (mono-Pal-MTO) and dipalmitoleys-MTO (di-Pal-MTO), respectively. The positive charge of the MTO confers cationic properties to the nanoparticle, and allows complexation of siRNA by electrostatic interaction within the layers of the nanoparticle (Fig. 2) . They studied the ability of this multilayer system to co-deliver MTO and siRNA against Mcl-1, a Bcl-2 related gene, into human epithelial carcinoma KB cells. After 24h of incubation, they observed a 68% reduction when using pal-MTO and 81% when using siRNA-pal-MTO compared to controls. Efficacy of the co-delivery treatment in reducing tumor growth in vivo in mice bearing KB cell tumors was studied. A reduction in tumor volume after 20 days of starting the treatment down to 53.9% when using pal-MTO and 83.4% when using siRNA-pal-MTO compared to controls was observed (Fig. 3) .
The possibility of functionalizing lipids with molecules leads to a great variety of applications. For example, cationic liposome-DNA (LPD) was synthesized using the guanidine containing cationic lipid N,N-distearyl-N-methyl-N-2-(N-arginyl) aminoethyl ammonium chloride (DSAA) [75] . Doxorubicin was complexed to the negatively charged DNA and encapsulated within the liposome as cargo. siVEGF was complexed onto the liposome surface. Anionic liposome-DNA (LPD-II) was synthesized using the anionic lipid 2-di-(9Z-octadecenoyl)-sn-glycero-3-phosphate (DOPA) and cholesterol. Doxorubicin was complexed to the DNA and encapsulated within the liposome as cargo. The entrapment efficiency of doxorubicine was low (10%) for LPD nanopar ticles compared with LPD-II nanoparticles (90%). Leakage of doxorubicin from LPD nanoparticles was reported, most likely due to the competition of cationic lipids for the negatively charged DNA, displacing the positively charge doxorubicin. Small interference molecules siVEGF and siMyc, respectively, were complexed onto the liposome surface. Transfection efficiency of siRNA in vitro was high for LPD and low for LPD-II. Cytotoxicity studies showed that anionic liposomes LPD-II were nontoxic at every concentration studied. However, cationic liposomes LPD were cytotoxic by increasing interleucine-2 (IL-12) and decreasing white blood cells and platelets. Both systems were capable of inhibiting tumor growth significantly when compared to the untreated group after systemic intravenous injection in mice.
PEGylated LPD [76] were decorated with NGR (aspargine-glycine-arginine) moiety to target amino peptidase N (CD13) expressed in tumor cells and tumor vascular endothelium. Delivery and efficiency of siMyc in mice by LPD-PEG-NGR was studied in CD13 expressing cells HT-1080 and CD13 nonexpressing HT-29 cells. siRNA was efficiently delivered to the cytoplasm and c-Myc was down regulated in HT-1080 cells but not in HT-29 cells. When co-delivering siMyc and doxorubicin using LPD-PEG-NGR, an accumulation of siRNA and DOX in tumor tissue was observed which translated in an enhanced therapeutic effect.
As new lipids are synthesized, new liposomic formulations become available. In this case, cationic liposomes (DGL) were synthesized using a new N′,N″ -dioleylglutamide (DG) cationic lipid [40] , 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE), and cholesterol [77] . The mitogen-activated protein kinase (MEK) inhibitor PD0325901 was encapsulated through hydrophobic-hydrophobic interactions in the liposome. The inhibition of MEK results in inhibition of phosphorylation and inactivation of the MAPK/ERK signaling pathway that in cancer is known to be involved in proliferation and resistance to apoptosis. The myeloid cell leukemia sequence 1 (Mcl-1) gene has been reported to be overexpressed in tumor cells that presented resistance to chemotherapeutical agents. Small interference RNA against Mcl-1, was complexed to the cationic liposomes. PD0325901 containing liposomes (PDGL) and siMcdl-1 were incubated with KB tumor cells to study the ability of this carrier to co-deliver both cargos. PDGL liposomes were capable of co-delivering ERK inhibitor and siMcl-1 in KB tumor cells. Western Blot shows inhibition of both phosphorylated ERK 1/2 protein and MCl-1 protein when treated with PDGL-siMcl-1, indicating not only the feasibility of co-delivery but the therapeutic effect of down regulate both proteins. Cytotoxicity of KB tumor cells was studied when treated with free PD0325901. At a low concentration (0.72 μg/mL) of PD0325901 cell viability was not affected by the MEK inhibitor. However, when the same concentration was delivered using the cationic liposome with siMcl-1, cell viability was reduced down to 10%. Co-delivery of siMcl-1 and the drug using cationic liposomes (PDGL-siMcl-1) in BALB/c mice injected with KB cells resulted in suppression of tumor size by 79% when compared to the control. Suppression of the tumor growth was greater when using PDGL-siMcl-1 compared to any other co-treatment studied.
The results of tumor growth suppression using liposomes as a co-delivery system are promising and encouraging. However, due to the lack of systemic delivery systems currently available, Shim et al. [78] developed new cationic liposomes using oligolysine based lipids and studied their suitability as systemic co-delivery systems. Different formulations using varying amounts of lysine, DOPE, cholesterol and PEG were synthesized. The final multilayer cationic liposomes were systematically studied to determine their ability to complex siRNA and their cytotoxicity when cultured with cancer cells.
In order to increase the transfection efficiency of liposomes, Yu et al. [79] synthesized 1,2-dioleoyl-sn-glycero-3-ethylphosphocholine (EDOPC)-based cationic lipid nanoparticles (cSLN), which have been shown to have higher transfection efficiency than formulations using other lipids [80] . The structure of liposomes allows the encapsulation of poorly soluble drugs, such as paclitaxel (PAC), in the core of the cSLN matrix without altering the chemical structure of the drug. This type of encapsulation allows a gradual release of the drug, instead of a burst release. The cationic nature of the lipids that form the liposome allow for negative moieties, such as siMcl-1, to complex onto the liposome surface through electrostatic interactions. KB cancer cells treated with free paclitaxel and free siMcl-1, show a small decrease in cell viability down to approximately 90%. Cells treated with cSLN liposomes carrying siMcl-1 decreased viability down to 58%. When cells were treated with cSLN liposomes carrying both siMCl-1 and paclitaxel, viability was decreased down to 38%. Mice bearing a KB tumor were treated with free paclitaxel and cSLN liposomes carrying siMcl-1. Tumor volume was reduced 48% compared to the control. When mice were treated with cSLN liposomes carrying both paclitaxel and siMcl-1, the volume was reduced 88% compared to the control.
Saad et al. [81] studied the possibility of co-delivering doxorubicin and two different siRNA: siBcl-2 and siMRP1. They synthesized a liposome using 1,2-dioleoyl-3-trimethylammonium-propane (DOTAP), encapsulated doxorubicin via hydrophobichydrophobic interactions, and complexed siRNA through electrostatic interactions. They observed that the mere use of liposome-siMRP1 caused a decrease in small cell lung carcinoma (SCLC) cancer cells. A decrease in an effective efflux mechanism caused cell death, probably due to the fact that MRP1 proteins are involved not only in the efflux of drugs from the cell but also in detoxifying cells of their own metabolic products. An accumulation of undesired products could cause cells to enter apoptosis. When doxorubicin was added to the liposome-siMRP1, cell viability was significantly decreased. As reported before, liposomes-siBcl-2 reduce cell viability to a certain extent by promoting cells to enter apoptosis. However, liposomes-siBcl-2 carrying doxorubicin decreased cell viability to a greater extent. Liposomes-siBcl-2-siMRP1 carrying doxorubicin decreased cell viability down to 5%, the most effective treatment. By blocking two resistance mechanisms at the same time while administering doxorubicin, in a single carrier, higher levels of effectiveness can be achieved. However, due to the non-specificity of this system to target cancer cells, adverse effects of doxorubicin toward healthy cells when used in vivo may be significant.
Inorganic based nanoparticles
Increasing use of inorganic based nanoparticles in biological applications has been observed due to their tunable specific properties [82] [83] [84] . Silica based nanoparticles have been use for several applications, such as delivery systems to deliver either drugs or siRNA [85, 86] . Its high surface area to volume ratio and large pore volume make them ideal for loading large amounts of drugs and conjugation/complexation of other components on the surface [86, 87] .
The use of silica nanoparticles for simultaneous co-delivery of a hydrophobic drug (doxorubicin) and siRNA (siBcl-2) was explored by Chen et al. [88] . Silica macroporous nanoparticles were conjugated with 3-iso-cyanatopropyltriethoxysilane to obtain an isocyanatopropyl (ICP)-modified surface that could be further functionalized with a polyamidoamine dendrimer (PAMA) to confer nanoparticles with positive surface charge. Doxorubicin was encapsulated within the silica pores and siRNA was complexed to PAMA. They successfully delivered doxorubicin and siRNA into A2780/AD ovarian cancer cells. Cell viability of cells treated with a low concentration of doxorubicin (0.01 μM) encapsulated within silica particles complexed to siBcl-2 decreased down to 50% compared to cells treated with the same concentration of free doxorubicin. These encouraging results showed that at a nontoxic concentration of doxorubicin, cell viability can be reduced down to 50% when doxorubicin is encapsulated and co-delivered with siBcl-2.
To confer good particle dispersion and biocompatibility to mesoporous silica nanoparticles, Meng et al. [89] coated them with phosponates groups. This also allowed for adsorption of molecules such as PEI for complexing siRNA. To improve hydrophilicity of PEI coated nanoparticles, they were treated with a solution of bovine serum albumin (BSA) before being transferred to the culture media. Silica particles were coated with various molecular weight PEI, and toxicity, cell uptake, and siRNA complexation were studied. Particles coated with high molecular weight PEI (25 kD) presented greater cell uptake and better knock down efficiency (90%) but also greater toxicity, compared with lower molecular weight PEI (1.8 and 10 kD). PEI 10 kD nanoparticles were nontoxic when the concentration was kept below 100 μg/mL and presented the same cellular uptake as PEI 25 kD nanoparticles when cultured with KB-V1 resistant cancer cells at various concentrations for 24 h. Doxorubicin was encapsulated in the mesoporous silica pores through electrostatic complexation to negatively charged silica. Doxorubicin was released intracellularly due to the lysosomal low pH due to the sponge proton effect of PEI that disrupts the lysosome, compared to the physiological 7.4 pH.
When using PEI 10kD coated nanoparticles loaded with doxorubicin (PEI-DOX), more doxorubicin was found inside cells compared to cells cultured with free doxorubicin. However, no presence of doxorubicin was found in the nucleus, suggesting a need to suppress P-gp protein to avoid rapid extrusion of doxorubicin from the cell before the drug can penetrate the nucleus. When PEI coated silica particles loaded with doxorubicin and complexed to siP-gp (PEI-DOX-siPgp) were cultured with KB-V1 cells, a significant increase of doxorubicin in the nucleus was observed. The IC 50 of KB-V1 cells was 2.5 times lower when treated with PEIDOX-siPgp compared to cells treated with free doxorubicin, even though it was not as low as the IC 50 of nonresistant cells. Experiments targeting simultaneously Bcl-2 and P-gp while administering doxorubicin on KB-V1 cells did not seem to improve cytotoxicity of doxorubicin and failed in restoring sensitivity of resistant cancer cells to normal levels. This indicates that the dual targeting (Bcl-2 and P-gp) strategy to overcome cancer resistance is cell type specific. Mesoporous silica nanoparticles for the inhalatory administration route to treat lung cancer cells were synthesized. This route is favored because it avoids systemic toxicity and first-pass metabolic degradation [21] . Doxorubicin and cisplatin were loaded into the nanoparticles pores. Two different reduced siRNAs were conjugated to pyridylthiol-silica nanoparticles via disulfide bonds. Nanoparticles were decorated with LHRH peptide to target A549 human adenocarcinoma cells. LHRH was conjugated to HS-PEG-COOH to obtain LHRH-PEG-SH, which was then covalently linked to silica nanoparticles. The hydrodynamic diameter of the fully functionalized nanoparticle measured by dynamic light scattering was ≈200nm. Cell viability of cells cultured with silica nanoparticles for 24 h, decreased down to 95% at a concentration of 1 mg/mL. This low cytotoxicity, compared with other formulations used for delivery of siRNA, is probably due to the lack of positively charged polymer on the surface. Confocal experiments showed release of doxorubicin in the perinuclear region. According to RT-PCR results, the effectiveness of siBcl-2-silica and siMRP1-silica nanoparticles in silencing genes in the condition above mentioned was of 56% for Bcl-2 and 58% for MRP1. Cell viability of cells treated with a mixture of targeted nanoparticles carrying siBcl-2, siMRP1, doxorubicin, and cisplatin for 24h at a drug concentration of 1 μg/mL decreased down to 25% compared to a decrease down to 85% when treated with a mixture of free cisplatin and Doxorubicin. IC 50 dose of a mixture of free drugs was 30 times greater when compared to cells treated with the aforementioned mixture.
To be able to track the fate of the co-delivery system once in contact with cells, Li et al. [90] opted to use quantum dots. Quantum dots have been widely used in biomedicine as imaging and delivery systems [32, [91] [92] [93] . CdSe/ZnSe QD were coated with β-cyclodextrin, which was previously funtionalized with L-arginine or L-histidine to confer positive charge and biocompatibility. Doxorubicin was encapsulated within the β-cyclodextrin rings. siRNA against MRP1 was complexed onto the nanoparticle surface. A release study of doxorubicin from the QD-DOX showed that more doxorubicin was released at endosomal pH (5.0) compared to physiological pH (7.4). The authors attributed this to the fact that doxorubicin is protonated at low pH leading to increased solubility. siRNA-DOX-QD were internalized by doxorubicin resistant HeLa cells (HeLa/Dox) within 1 h of incubation. The nanoparticles were confined to vesicles and attached to the membrane, probably due to its positive charge. Within 3 h, nanoparticles were released to the cytosol after rupture of the vesicles and rapidly dispersed throughout the cytoplasm. By using confocal, they observed that doxorubicin was able to reach the nucleus when cells were incubated with siMRP1-DOX-QD, indicating that these particles were also able to silence the gene encoding for the P-gp protein. Cell viability of doxorubicin resistant HeLa cells was assessed by treatment with various formulations maintaining the concentration of doxorubicin fixed at 1 μg/mL during 72 h. Cytotoxicity of siMDR1-DOX-QD presented a 3 fold increase compared to DOX-QD, and a 5 fold increase when compared to free doxorubicin.
Conclusions, limitations, and future directions
The use of nanotechnology to develop nanodelivery systems has allowed researchers to overcome limitations of antineoplastic drugs by increasing the solubility of the drug and decreasing the toxicity to healthy tissues. Due to the tunable size of the nanocarriers, they can be formulated to penetrate tumors from the blood stream by the Enhance Permeation and Retention (EPR) effect while evading renal clearance from the body. This decreases the non-specific distribution by increasing penetration to the tumor, increasing efficiency of the treatment. Even though the initial limitations of antineoplastic drugs were improved by the use of nanocarriers, new limitations have arisen. Cells have developed strategies to avoid cell death by increasing their resistance to chemotherapy through the activation of efflux pumps to clear drugs from inside the cell and by increasing anti-apoptotic pathways. By encapsulating drugs into nanoparticles that bypass the efflux pumps [8] , drug efflux is reduced, hence increasing the intracellular concentration of the drug. The activation of antiapoptotic pathways is a defense mechanism that rescues cells from cell death. siRNA has the ability to disrupt cellular pathways by knocking down genes, opening the door to new treatments of diseases caused by aberrant gene expression. Rapid systemic clearance of siRNA by the renal system, lack of selectivity toward the desired tissue, and poor cell uptake have been reported, decreasing the effectiveness of gene therapy. The use of nanocarriers prevents both renal clearance and RNase degradation by protecting siRNA chains, increasing their half life in blood. However, to be able to sensitize cancer cells, while retaining all the aforementioned advantages of using nanocarriers, both the siRNA and drug must be delivered in the same device. While some types of cancer cells were completely sensitized to antineoplastic drugs by siRNA therapy, others maintained their resistance to the treatment by compensating for the loss of one type of resistance mechanism by increasing other multidrug resistance mechanisms. Double sensitization, targeting two multidrug resistance mechanisms simultaneously while administering the drug, is a promising strategy to overcome multidrug resistance, but also prevents healthy cells from protecting themselves from antineoplastic agents, increasing the toxicity of the drug. Moreover, it appears that the effectiveness of decreasing cell viability by double sensitization is cell specific. Even though these strategies have been effective for sensitizing cancer cells, they target machinery that is common to both cancer and healthy cells. Specific targeting strategies to treat only cancer cells would be needed in order to reduce side effects of drugs in vivo when doublesensitizing cells. By functionalizing nanocarriers with different types of polymers, antibodies, ligands or small molecules, selectivity and cellular uptake can be significantly increased. It has been well established that cancer cells have the ability to avoid cell death by activating different anti-apoptotic pathways. These pathways seem to be cell type specific and assault type specific. Due to the heterogeneity of tumors and the diversity of cancer cells, a "one type fits all" method of treatment seems unlikely to eradicate prove viable. However, a multi-sensitization individualized therapy designed specifically for each type of cancer cell may be more likely to prove viable to overcome cancer cell resistance. Acquired resistance of a cancer cell population after intervals of chemotherapy. After the first round of chemotherapy, cell population decreases significantly due to the death of sensitive cancer cells. Recovery time between chemotherapy sessions allows for resistant cells to grow and take over the entire population. Mechanism of drug resistance and sensitization of cancer cells by co-delivering siRNA and an antineoplastic agent. Drugs encapsulated in nanoparticles evade the efflux pump, by endosomal internalization. Once in the endosome, specifically designed nanoparticles, release siRNA and drug to the cytosol. Schematic representation of various types of nanoparticles to co-deliver siRNA and a chemotherapeutical agent. (a) Biodegradable nanoparticle [59] , (b) cationic mono-, di-lipidic nanoparticle [74] , (c) mesoporous silica nanoparticle [88] , (d) liposome [75] , (e) octasilesquioxane nanoparticle [65] , (f) dendritic nanoparticle [49] . Table 1 Nanosystems to codeliver siRNA and drugs to overcome multidrug resistance in cancer therapy. HeLa/Dox cervix adenocarcinoma [90] 
